Astron. Astrophys. 358, 1109-1121 (2000) ASTRONOMY
AND
ASTROPHYSICS

Properties of the solar granulation obtained
from the inversion of low spatial resolution spectra

C. Frutiger !, S.K. Solanki'2, M. Fligge', and J.H.M.J. Bruls?

! Institute of Astronomy, ETH-Zentrum, 8092ifich, Switzerland
2 Max-Planck-Institut ir Aeronomie, 37191 Katlenburg-Lindau, Germany
3 Kiepenheuer-Institutifr Sonnenphysik, 79104 Freiburg, Germany

Received 16 December 1999 / Accepted 17 March 2000

Abstract. The spectra of cool stars are rich in information oBbifferent iteration schemes have been proposed. They differ by
elemental abundances, convection and non-thermal heating.Be-number of free parameters, the amount of physics entering
tracting this information is by no means straightforward, howhe analysis and various simplifying assumptions needed to re-
ever. Here we demonstrate that an inversion technique may dote the computational effort. Note, however, that all schemes
only provide the stratification of the classical parameters dare finally based on a least square fitting procedure.
scribing a model atmosphere, but can also determine the proper-In the photosphere of the sun and other cool stars over-
ties of convection at the stellar surface. The inversion technigsi@ooting convection plays an important role. In particular, these
is applied to spectra of photospheric lines, one recorded at gf®tospheres are strongly structured by granulation. Convec-
quiet solar disk center, the other integrated over the whole diskn at the solar surface has been studied in great detail dur-
We find that a model based on a single plane-parallel atmosphiagethe past decades (see Spruit et al. 1990 for a review). Nu-
gives unsatisfactory fits to the spectral lines and suffers framerical simulations provide considerable insight at the expense
considerable uncertainties in the derived temperature stratifioha large computational effort (e.g., Nordlund & Stein 1996;
tion. Also, the elemental abundances returned by the inversiloner et al. 2000). State of the art models match the best solar
are not particularly reliable. These problems are greatly reduagabervations with great accuracy if the limited spatial resolution
if two atmospheric components, corresponding to granular ugf-the observations is taken into account (e.g., Nordlund|1984;
and downflows are allowed for. The best results are obtained.ifes et al. 1989; Gadun et al. 1999).
the line profiles and bisectors of a neutral and ionized species Line-profile inversions have the advantage of complemen-
are fit and the results are constrained using a simple mass danity to humerical simulations (they do not rely on the same
servation scheme. We find that inversions based on two- assumption as the simulations), speed (inversions are far less
three-component models of disk-integrated spectra give simié@mputationally intensive than simulations) and the fact that to
results to inversions of disk-center observations, although walcertain extent they allow us to judge the information content
somewhat lower accuracy. This similarity is promising for futuref the observations better than the simulations. For example, if
applications of line profile inversions to the study of late-typa certain simulation reproduces a given set of observations this
stars and in particular their convection. could either have to do with the fact that the simulation incorpo-
rates the relevant physics, or that the observations are not suffi-
Key words: line: profiles — radiative transfer — Sun: granulationiently sensitive to decide this. The relative speed of inversions
— Sun: photosphere makes them of particular interest to stellar applications, e.g.,
for the analysis of spectra of large samples of stars (from which
abundances, turbulence velocity, gravity, temperature stratifica-
tions and possibly the granular structure is derived).
1. Introduction A detailed study of stellar granulation based on a compari-

An accurate determination of atmospheric quantities from ¢fign of observed f"md synthetic _Ilne profiles was carried out for
analysis of spectral line profiles is one of the main goals of sofgfamPple by Dravins (1990). This work adopts four-component
and stellar spectroscopy. This aim is rendered difficult by tf¢Scription of the stellar photosphere to examine the effects of
fact that many physical parameters contribute to the formatigf¢!lar granulation on photospheric line asymmetries and wave-
of the emergent line profiles. Inversion methods address t§89th shifts.

problem by simultaneously varying all (or at least many) rele- In the present paper we concentrate on the photospheric

vant quantities in a parameterized model of the atmospherda¥ers of the quiet sun, in particular on the determination of
e temperature stratification and line-of-sight velocity struc-

order to iteratively obtain the best fit to the observed profiletg'. _ _ X
ture imposed by the solar granulation. We address the question
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fluences of the dynamics on the shapes of the spatially unTeble 1. Atomic data of the inverted spectral lines.
solved intensity profiles obtained at disk center, and to what

extent an inversion can return the properties of the granulatiagh  (2) 3) (4 (5)
from stellar type spectra (observations of the sun as a star). We AL, [A] xe[eV] E? log gf
presentinversions in which the solar atmosphere is divided iftgr  5217.3893 3.2114 2.230 —1.070*
one or more idealized, plane-parallel atmospheres, in the febr  5247.0504 0.0873  3.354 —4.946°
lowing called components. The single-component models réfer  5250.2098  0.1213  3.256  —4.938°
resent the average quiet sun in the sense of the earlier empirfgal  5250.6460 2.1979  1.829 —2.050°
models of Gingerich et al. (1971), Holweger &Mer (1974), Fer  5253.4617 3.2830  2.277 —1.670°
Vernazza et al. (1981) and_Grevesse & Sauval (1999). The  5506.7791  0.9902  2.332 _2-7972
multi-component models are constructed to describe the g'r:§l 6151.6181 21761 2.057 _3'2994
nules and inter-granular lanes, similar to Dravins (1990). In t g 03015012 3.6537  2.298 70'7183
first part of the paper we invert spectra obtained at solar disk. 0481.8703 22788 2126 —2.981

L . ; 5
center, while in the second part we apply the same inversidr! jg;g'ggg 2.8443 ;-8 —2.90°
and modeling techniques to spectra integrated over the wh fer : 2.8283 ' ’3'195
disk. This allows us to verify the feasibility of applying our, 5234625 3.2215 2.0 —2.22
A Ferr 5264.812 3.2307 2.0 —3.23°
inversion approach to stellar spectra. Fen 6516.080 28912 2.0 _3.383

] ) !INave et al. (1994), Kurucz & Bell (1995)
2. Observational and atomic data 2|Anstee & O’Mara (1995), Barklem & O’Mara (1997)

3 {
For our analysis we used the quiet-sun spectral atlases, Gi-etal.(1988), (Kurucz & Bell 1995)
Bard et al. (1991)

Neckel (1994: 1999) for disk center intensities and diSIS"smnabel etal. (1959)
integrated normalized fluxes. They were recorded by J. Brauit o
and his co-workers with the Fourier-transform spectrometer
(FTS) atthe McMath-Pierce facility on Kitt Peak. The disk aver-

aged spectra were earlier published by Kurucz et al. (1984), Butnversion code

have been calibrated using observations of the center-to-liff)s inversion code used here employs response functions to fa-
variation made by Neckel & Labs (1984). _ _cilitate the least-squares fitting of the data. Response functions
~_The spectral lines employed for the inversions are listgghye introduced for intensity By Beckers & Milkey (1975) and
in Table[1, a]ong with the adopted values of the atomic pgzeq in earlier inversions for examplelin_Mein et al. (1987).
rameters of importance for our study. We employ both Fe&ey gained new attraction for the inversion of Stokes pro-

and Far lines due to their different temperature sensitivitie§ogs a5 proposed bV _Ruiz Cobo & Del Toro Iniesta (1992)
and formation heights. Column (2) gives the laboratory wavegr L andi Deglinlnocenti & Landi Deglinnocenti (1‘977),

lengths. For Felines they are ta}ken from_Nave et al. (1994)@e to the increased speed with which the full stratifi-
Laboratory wavelengths of Felines are generally less ac-cation of various quantities through the solar or stellar
curate, so that the wavelengths of these lines are treatedpﬁétosphere can be determined, thus making such in-

free parameters following Bellot Rubio et al. (1999). COIumVestigations more practical. This approach has been

(3) lists the energy of the lower level of the transition takegpp"ed to determining the atmospheric structure of

from|Sugar & Corliss (1985). Column (4) shows the enhancginsnots [(Collados et al. 1994: Del Toro Iniesta et al. 1994;
ment factorsr (atT = 5000 K) over the values of the damp'nQWestendorp Plaza et al. 1997; 1998), solar oscilla-

constant calculated using the simple Blisformula for Van ions  fRuiz Cobo et al. 1997), the solar chromosphere
der Waals broadening (Udkl 1955). For Fe the collisional (Socas—‘Navarro etal. 1998) solar magnetic elements

damping parameters are derived from the cross-sections pisior Rubio et al. 1997; 1999: Frutiger & Solanki 1998;

lished by Anstee & O'Mara (1995). Barklem & O'Mara (1997} jsiger et al. 1999) and the stellar atmosphere problem

and Barklem et al. (1998). The values foriFdines are esti- (Alleﬁde Prieto et al. 1998).

mates. Column (5) lists the oscillator strengths ¢, taken Our inversions are based on a single- or multi-component

from the literature without modificatifin The sources of the model of the solar atmosphere. For each component the temper-

log gf values are also given. ature and line-of-sight velocity is modeled as a function of the
logarithmic optical deptlog 7 by spline approximation (splines

1 An alternative would have been to use oscillator strengths derivlégder ten_S|0n) a set of depth-de_pendgnt parametgrs, from a

goarse grid (here we choose 6 grid points per physical quan-

from additional inversions. Our calculations showed that these mo fine depth arid o he heiaht of th
fied strengths may result in better fits, but depend rather sensitivelytgx) onto a fine depth grid4 log 7 = 0.05). The height of the

the model atmosphere used to derive their values. Itis not clear whed§fner grid points are fixed parameters of the inversions, while
such empirical oscillator strength represent better values than thosetBig: radiative transfer equation (RTE) is solved on the fine grid.
tained from furnace measurements or just cover up the inadequa&ig@m the temperature stratifications the other thermodynamic
of the model atmosphere or spectral data used for the inversions. quantities such as the gas and electron pressure are derived as-
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suming hydrostatic equilibrium and LTE (cf. Gustafsson 19733.1. Models for the inversion of disk-center observations
The micro- and macro-turbulence are assumed to be depth irWae—

pendent. The RTE is solved using a Hermitian method similﬁl{ he:ve carrfu:: c&utl m(;/ersptr:sdo; slolar_lt_d;]sk cegteir datda uls!ng
to that presented by Bellot Rubio et al. (1999). The emerg fee types o mode’s described below. The models underlying

synthetic spectra are constructed from a weighted sum overiﬁ% inversions of disk integrated data are discussed in(Sekt. 6.2.

contributions from the individual components and iterativel¥-component modelsThe granular upflows and inter-granular

fitted to the observed profiles using response functions fol- downflows cannot be described separately. Instead, only av-
lowing|Ruiz Cobo & Del Toro Iniesta (1992) and a Levenberg- erage net velocities giving rise to wavelength shifts can be
Marquardt algorithm (cf._Press et al. 1992) that minimizes the modeled. An alternative, we use here, is the introduction of

merit function free central wavelength shifts to account for the net effects
N , due to net line-of-sight velocities. Small-scale velocities are
2 2 2 2 (I syn — Ti,obs) modeled by a micro-turbulence assumed to be depth inde-
= where = — o (1 ) . :
X7 = X0 Xies Xo 1; o (@) pendent for reasons described in 9ecl. 5.3. We also include a
B free Gaussian depth-independent macro-turbulent velocity
Here N is the number of all data points fitted, ., are the in our models to account for the actual spread in the up- and

synthetic intensities (or bisector values), with the index k rep- downflow velocities. The iron abundance is another free pa-
resenting a given spectral line and wavelength (or relative in- rameter (of most inversions in this paper).

tensity level, in the case of bisector$),.,s the corresponding 2-component modelsUsing two components allows us to as-
observed quantities ang, the expected uncertainties in the sign granular upflows and inter-granular downflows to
measured profiles. separate components and individually model their depth-

Of particular importance is thgfeg term we added to the  dependent velocities as free parameters. The tempera-
standard merit function. This regularization or penalty term ture stratification can also be chosen individually for both
measures the smoothness of the stratifications of all fitted depth-components. A different (depth-independent, see Bett. 5.3)
dependent quantities and turned out to be an effective means ofmicro-turbulence in the up- and downflow region is easily
damping oscillations in the derived stratificati@ns accounted for with two free parameters. The free macro-

Such oscillations are a fundamental problem since, as we turbulence is assumed to be the same in both components.
show in Sect. 4, thg? value of these oscillating stratifications ~ Refinements of this model, such as imposing the equality
may be much smaller than thh& value of smoother (and more  between the upward and downward directed mass flux are
plausible) stratifications. This may imply that the structure of also possible (see Sdct.5.1). A final final free parameter is
the model atmosphere may be inadequate to describe the datathe fractional area covered by the downflow.

The Levenberg-Marquard¢? minimization algorithm is 3-component modelsThe basic concept of dividing the atmos-
also not immune to numerical problems causing instabilities. phere into components attributed with a particular stratifi-
Two of the (as we believe) most important sources of such cation of velocity and temperature can be extended to any
problems are treated as follows: (a) The inversion of the curva- number of components. In some cases we have also intro-
ture matrix, which may severely suffer from singularity effects duced a third component to describe a surface fraction con-
(likely to occur for a large number of free parameters or par- taining a horizontal flow (see SeCt.b.2).
tially coupled parameters, as in the case of the depth-dependent
temperature parameters), is carried out using a special Singular . ,

Value Decomposition (SVD) routine combined with an adag: Single-component models at disk center

tive reordering and rescaling of intermediate results. We triggl 5 first step we determine a 1-component model of the solar
to further reduce these problems by fitting several spectral linggnosphere, i.e. we are interested in an “average” stratification
with different oscillator strength, excitation potential and iorpf the physical properties and intentionally do not try to resolve
ization degree whose line strengths and shapes react differefily different temperatures and velocities associated with the
to (small) changes in the temperature and velocity stratificgolar granulation.

tions. (b) The negative influence of blends phis limited by Best-fit temperature stratifications obtained from the inver-
fitting only the (most) unblended part of each line. sion of Fa lines only as well as of the full set of Fand Fa1

5 _ o lines are given in Fid.]1. For the latter case sample best-fit syn-

For appropriately chosen uncertainties a rule of thumb states thetic line profiles are overplotted on observed profiles inig. 2.
that for a moderately good fit” ~ » with standard deviatior: v/2v The results presented in Fig. 1a indicate the inadequacy of
(v=N—NMis the degree of freedom, see Press et al. 1992, Sect. 15tﬁ2é 1-component models: If regularization is turned yffis
A term added to the standasd of the order ofy/2v, as in our case . . . .

minimized (very successfully) at the cost of a physically or at

in the form of a regularization term, should therefore not influen(ie intuitivel bl ificati fth larization i
the fit. This behavior also allows us to normalize tfie values by east intuitively sensible stratification. If the regularization is

the factor1/v which enables a direct comparison of the quality diirned on the oscillations are indeed damped, but the small-
the fit independent of the number of data points and number of f@gt achievedy” is 4 times larger. Also, the inversion cannot

parameters. Therefore alf* values given in the sequel of this papesuccessfully reproduce the temperature stratification of pre-
are given as normalized values. vious empirical models from the selected line profiles. The
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“k
e b bt bbbt b S e Table 2. Multi-component models at disk center
-5 -4 =3 -2 =1 0 1
log 7 Model Comp Lines MG BIS? N M
Fig. 1a and b. Best-fit temperature stratifications of 1-componeni 2 Fer no no 492 29

models.a shows the results obtained from fits to iFknes only B
(thick solid curve) and fits to Feas well as Fer lines. In the
latter case inversions are shown with regularization turned
(solid curve) and turned on (dashed curve). The dotted curve I’EéJ-
resents the empirical model of Grevesse & Sauval (19B9yives
the stratifications for prescribed abundance-{ = 7.50). Thick
curve: free micro-turbulence; thin curve: micro-turbulence fixed &tMass conservatior, fitted bisector
0.5kms!. The remaining curves represent stratifications of stan-

dard model atmospheres HSRA (Gingerich et al. 1971, dot-dashedéi' lavers and hotter deeper lavers as compared with the refer-
HOLMUL (Holweger & Milller 1974, dashed) and the model of Y P Y P

Grevesse & Sauval (1999). ence atmospheres. If we allow the micro-turbglence to vary we
obtain0.77 £ 0.03 kms~! and the corresponding temperature
stratification is in very good agreement with the recent photo-

temperature obtained for the deep photospheric layers is whyerce model of Grevesse & Sauval (1999). Note thatithe

low, while the abundance returned by the code is too hi Rlues are larger in both cases compared to inversions with free
(AF'e — 7.66 + 0.02 on the usual scale, on which the hydroge bundances. The fits to the line profiles are correspondingly

abundancedy = 12). Only if the regularization is switched poor (see Fig.12).

on (with Xfeg about15—25% of x2) and the iron abundance is

fixed to a standard value are the results in good agreement viatiMulti-component models at disk center
common reference atmospheres (el.g., Gingerich etall 19
Holweger & Milller 1974). ForAg, = 7.50 we obtain the
temperature stratifications given in Higj. 1b. For a fixed deptfihe granular structure of the quiet sun suggests the need for
independent micro-turbulence@® km s~ the results are sim- model atmospheres with two or more components that describe
ilar to those of Allende Prieto et al. (1998) showing cooler uphe upflowing, downflowing and (possibly) the horizontally

Fer yes yes 614 23

Fer, Felt no no 901 35
Fer, Ferr  yes yes 1048 29

Fer yes yes 614 24
Fel, Ferr  yes yes 1048 30

wWww| NN

gjl Two-component models
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Table 3.Best-fit (depth-independent) parameter values for multi-component models.

MOdeI Ohor A down Umic,down Umic,up VUmac AFC X12-eg X
[km s~ [km s~ [km s™!]

A - 0.23+0.03 0.51+0.32 0.65+0.09 1.124+0.05 7.51+0.04 13 251
B — 0.2840.02 1.02+0.10 0.534£0.07 1.15+£0.04 7.5340.03 15 231
C - 0.23£0.03 0.36+£0.21 0.63£0.07 1.30+0.04 7.55£0.02 46 490
D - 0.29+0.02 0.72+0.02 0.50+0.04 1.40+0.04 7.56%0.02 13 491
E 0.43+£0.02 0.34£0.03 1.02+0.07 0.52+0.05 0.80+0.07 7.53+0.03 9 189
F 0.36+£0.04 0.35+£0.01 0.78+0.10 0.48+0.07 1.2440.06 7.554+0.02 19 447
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flowing plasma, respectively. In the simplest case we considiEwnflow lanes are darker than upflowing granules. In other
only two components. The temperatures, the line-of-sight weerds minimizing they? merit function without further con-
locities, the free depth-independent micro-turbulence and thteaints fails to return the correct granular structure. The addi-
fractional contribution to the emergent intensities are derivéidnal fitting of bisectors helps somewhat, but not sufficiently
for both components. As a consequence the total number(wt deduced this from additional inversions not discussed here
free parameters increases to values as high as 35. In view of thisher), nor does the inclusion of the Fdines in the inver-
large number of free of parameters we carry out some inversi@isns, as can be seen by considering[Hig. 3c. Now the downflow
with further constraints: is even hotter and brighter than the upflow.
. . . . . . The additional incorporation of the mass-conservation
— We also invert the line bisectors with the goal of improving . - i by E .

given by Edq.|(2) leads to a great improvement, as can

the determination of the line-of-sight velocities L ) .
— We reduce the number of free parameters by adding a phpb?]g_seen by considering Fig$. 3b did 3d. Now the downflow is

ical constraint in the form of a simple mass conservatiandeed cooler arounibg 7 = 0. According to Tablel, the area

. . coyered by the downflow is also significantly smaller than the
scheme, where the total upflowing mass is forced to be equa . i .
low area, with downflow velocities correspondingly larger

e W e upoung (negate) velooes (e .. T fea
satisfied: ure is also in agreement with observahons. The rnodels with
' mass-conservation return a larger micro-turbulence in the down-

Qup * Pup (2) *Vios,up (2) = Qdown * Pdown (2) - Ulos,down (2)(2)  flowing region than in the upflowing region, in agreement with
With arup (o) being the fractional area coverage of upt_he findings e'f Nesis et al. (1992). Cempanng the last columns

flows Elé)ownc}vlvgws) pun(Pacwn) the corresponding densityOf Table[2 with they? \{alues given in Fid.J1 reveels that'the
aNGvis o (Vios d ’)“,[FF]e c(gvrr;esponding line-of-sight VeIO_2-cpm_ponent mede_l_s fit the observed spectra (with or without
city 'I?Flelpfreg\\’v;roncit ‘ is qiven on a logarithmic the|rblsectors)S|gn|_f|ca_ntIy better than the simple 1-eomponent
: YWos,down 15 9 9 models. The exception is the 1-component model without regu-

optical depth grid, but the mass conservation is imposed a?ization, which still has a lowey?2. This suggests that even

a common geometrical depth grid). This description of ﬂ}ﬁe 2-component models, although a great improvement, are not

line-of-sight velocity as a function of depth is new (The 43 completely adequate description of the solar photosphere, as
component model by Dravins (1990) has depth independen(f pietely q P P P ’

o . : mirrored by the selected spectral lines. Note that only a small
velocities and a correspondingly simpler mass conservat

ion o . o :
scheme). amount of regulanzatlom@eg typically 5 percent of“) is now

needed to get smooth results. The iron abundance returned by
To test the effectiveness of these extensions we carried the inversions is also close to the standard values, suggesting
a number of inversions of the same data set, but with ma#izat in cool stars inversions return more reliable abundances on
conservation switched on or off, with or without fitting of linethe basis of 2-component models than for 1-component ones.
bisectors, fits to Felines alone or fits to Feand Far.

Table[} provides_an overview of th_e ingredients o_f the i%-_z_ Three components at disk center
versions, together with the fingP. In this section we discuss
models A-D. The best-fit temperatures and velocities obtain€tle 2-component models are incomplete in the sense that they
from the 2-component models are shown in Fig. 3. The bestsi not allow for a fraction of the solar surface that is free of
values of the remaining free parameters are listed in Table 3vertical flows. It may be associated with horizontal flows. In a

The stratifications of the temperature and velocity in[Hig. 3ext step we therefore introduce an additional component that is
indicate that the observed Flines profiles do not on their own at rest when observed at disk center. In order to keep the number
contain enough information to constrain the up- and downflouf free parameters within bounds we derive the thermodynami-
component reliably. Note, e.g., that at the continuum-formiragl stratifications of the new component from the other two, as
level the downflowing component has practically the same tentescribed below. Hence, only the fractional area coverage of the
perature as the upflow, contradicting the observational result thitd component is a new free parameter. We require
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Fig. 3a—d. Best-fit atmospheres obtained from inversions using different 2-component models. The solid thick curves refer to the upflowing
component (negative velocities), while the solid thin curves refer to the downflowing component. Error bars are shown at the optical depths
at which free parameters are located. The dotted and dash-dotted curves serve to facilitate the comparison between the models. They rep-
resent the temperature stratification according to standard 1-component atmospheres (Grevesse & Sauval 1999 and HalergEd &M
respectively).
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Model E: Fe I
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Fig. 4. Best-fit temperatures and line-of-sight velocities obtained from the 3-component models E and F. Thick solid curves refer to the upflow

component, thin solid curves to the component harboring a downflow. The thick dotted curves show the average temperature of the two

stratifications, corresponding to the third component.

Thor(T) = [Taown(T) + Tup(T)] /2 to only Fet lines are now in good agreement with those from the
Umiehor(T) = [Vmic.down (T) + Umic.up (T)] /2 full list of both Fer and Far lines. Once again the agreement
between the derived abundances and standard values is satis-
so that the emergent intensity is factory. The best-fit line profiles obtained from inversion F are
plotted in Fig[® along with the observed profiles. The fits to the
I = (adown Ldown+up Lup) (1= ahor) + hor Thor (3) line bisectors are also plotted. As expected from the loyfer

IJ@_e fits are general better than those obtained with single com-

where the subscript ‘hor’ indicates the third component rep ) : o
fhgnent models (compare with Fig. 2). The two lines exhibiting

senting the surface area covered by predominantly horizo i o o
flows. the poorest fits, Fe 4620.5 A and Fei1 5264.8 A, may both

The inversions based on 3 atmospheric components gpffer from inaccuratéog g f values. The former also seems to
listed in Tablé2 (models E and F), the best-fit atmospheric stRg More strongly affected by blends than the other lines in our

tifications and height-independent parameters are presenteddfP!e-
Fig.[d and Tabl&12, respectively. As expected, these models are
able to further reduce the fingf values, although not by a large5.3. Micro-turbulence

amount. The results are very similar to the 2-component mogdel . .
with a fast downflow covering about half the surface Briea ordlund (1984) showed that synthetic spectra from numerical

contrast to the 2-component model the results obtained from @ulaﬂons ,Of solar grgnu'latlo.n reproduce the o'bservgd Fe
ines poorly if the velocity field is set to zero but nicely fit the

3 Remember that in the 3-component models the true fraction h@bservations once the granular velocity field is included, without
boring a downflow iSvown,true = (1 — amor )adown (S€€ EQ3). As a any additional micro-turbulence broadening. Within the context
consequence the downflows cover, as expected, a smaller area thaf the simple model atmospheres used here, however, there is

the corresponding 2-component mode{un, true = 0.19 for model g clear need for micro- and macro-turbulence broadening. The
E andagown,true = 0.22 for model F, respectively).
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Fig. 5. Observed and best-fit intensity profiles obtained using the 3-component model FIIf/trend bisector panels solid lines refer to the
synthetic spectra, dots to the observed data.Ahg/I.) subpanels just below each intensity profile show the difference between observed and
synthetic profiles on an expanded scale. Similarly, to the right of each line-bisector is the difference between the observed and synthetic bisector,
this time on an expanded wavelength scale. Bisectors and the corresponding differences are given in velocity units. The vertical dashed lines
mark the position of the laboratory wavelength and zero-difference, respectively.
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6.1. Synthesis of disk-integrated fluxes

The main consideration for the calculation of the spectrum of
the sun as a star is the appropriate averaging of spectra origi-
nating from different parts of the solar disk. With this in mind
we compute the intensity profiles for a numbey,) of u val-

z> ues (1 =cos 6, with 6 being the angle between the line-of-sight
and the surface normal). Then, after appropriate weighting, we
add these profiles together while taking into account their wave-
length shifts due to stellar rotation. To achieve an accurate disk-
integration with a relatively small number, we divided the
disk into 9 azimuthal sectors of equal projected area to each of
which an “average” profilé(x’) with “optimum” 1./ is assigned

Fig. 6. Cut through a schematic 2(3)-component model of a granulgfee Bruning 1984).

cell observed at. = 0.71. Thick arrows refer to the components with

an upflow (granule), downflow (intergranular lanes) and a horizontal

flow. The dash-dotted arrows (not lying in the plane of cut) exhibft.2. Two-component, disk-integrated inversions

the 3-dimensional structure of the flow field which must be taken in
account (see Seft. 6.2 for details).

downflow

{R/hen a granule is observed at an angle to the vertical its hori-
zontal velocity component also influences the line profiles. Here
we discuss, how we treat further complications when calculat-
small-scale variations in temperature and line-of-sight velociﬁyg profiles aty < 1. Fig[® shows a vertical cut through a
presentin the real sun obviously cannot be adequately descriggflematic granular cell observed;at= 0.71. The schematic
by a small number of components, even if the LOS velocity ify field of the granule is represented by the dashed curves (in
allowed to vary freely with optical depth. the plane containing the line-of-sight) and the dot-dashed lines
Previous studies revealed a large micro-turbulence in thgrves in a plane perpendicular to the former. Thick arrows in-
deep photospheré & 2 kms~" atz = 0km) which decreases gicate the schematic breakdown of this velocity field into purely
with height to about = 0.8 kms™' at the temperature mini- yertical and horizontal velocities. Each of the thin long arrows
mum and increases again in the chromosphere (Canfield 194§jicate contributions to the emergent intensities from different
Vernazza et al. 1981). Similar results were obtained by inv@gyers with mainly vertical and mainly horizontal velocities if
sions carried out by Ruiz Cobo et al. (1997). Inversions we Cffe horizontal size of the granule is comparable to the vertical
ried out with a free depth-dependent micro-turbulence bagitent of the line formation region. Consequently, our multi-
cally return the same stratification. The estimated errors ®mponent approach also implicitly assumes that granules have
turned by the inversion code reach sevénals~', however, g gufficiently large horizontal size. Depth-dependent velocities
and do not inspire much confidence in this result. Our simpirpendicular to the surface are modeled with free parameters
2- and 3-component models may not allow the simultaneoys at disk-center with the exception that we now have to take
extraction of the temperature-, velocity- and micro-turbulenggtg account the correct projection onto the line-of-sight when
stratification from the employed spectra. Since the bes#it calculating the intensity profile& 1) for differenty. Velocities
was only marginally improved using a depth-dependent micrgara|le| to the surface (which do not play a role at disk-center)
turbulence we decided to use the simpler approximation ohgw become important. However, since their line-of-sight com-
depth-independent micro-turbulence for our calculations.  ponents are equally strong in the directions towards the observer
and away from him, the horizontal flows mainly influence the
6. The sun as a star line width and not the line-shifts or asymmetry. Hence they

are taken into account by a radial-tangential depth-independent

In this section we investigate the fidelity of the inversion techs,ro-turbulence (sée Gray 1875: 1992, Chap. 18). Mind that
nique when applled't'o disk integrated spectr.a. For the'sun WeRFizontal velocities perpendicular to the plane show in[Big. 6

inthe favorable position that the results obtained from iNVersiog§ not contribute to the line-broadening (such velocities are in-
ofdiskintegrated spectraand disk-center data can be easily coffa e by the dot-dashed curves). For simplicity we neglect this

pared and the former can be tested prior to an application to 0th&fra ce fraction during the inversion but must bear it in mind
cool stars, which will be the subject of a future paper. A simjyhan discussing the results.

lar investigation was carried out by Allende Prieto et al. (1998) \ve have introduced two new parameteds;, the fraction
using a single component model and a different set of SPeg-the stellar surface presumed to harbor a tangential motion
tral lines. We thus extend their analysis to encompass r_nughd ¢r, the (depth-independent) macro-turbulent velocity de-
component models. Note, that we have also carried out inVEsining the horizontal velocities parallel to the surface. (The
sions of disk-integrated data using 1-component models. The¢ey ssian macro-turbulence used in disk-center inversions is re-

sults are compatible with those obtained from disk-center daig, e by a radial turbulent velocigy, and associated fractional
We do not discuss these inversions further in favor of those ba%t?ga coveragdy = 1 — Ar). We are aware that in this manner

on 2-component models.
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Fig. 7. Best-fit atmospheric stratifications obtained from disk-integrated spectra (solid lines) together with the results obtained from the corre-

sponding models and data at the disk center (dashed lines). See the captiofilof Fig. 3 for more details.

Table 4. Multi-component models for the inversion of disk-integratefield. The curves do not always agree within the error bars, but

spectra together with best-fif’ values. it is worth noting that all estimated errors given in this work
are 1-dimensional statistical errors which generally underesti-
Model Comp. Lines MC+BIS N M X mate the “true” uncertainties in the obtained results, due to the
G 2 Fer, Ferr yes 1023 30 248 possible coupling between different free parameters. A com-
H 3 Fer, Ferr yes 1023 31 236 parison with the results obtained from the 4-component model

of Dravins (1990) is difficult, since the velocity field is treated
) ) rather differently. We will present a detailed comparison of these
we are neglecting the possible effects due to a depth dependeniggier results with the results of our inversions including those

of the strength of horizontal flows. of observed spectra ef-Cen A anda-Cen B, in an upcoming
paper.
7. Results of inversions of disk-integrated data Columns (4) and (5) of Tablel 5 list the micro-turbulence

. ) ) ) _in the up- and downflow component and reveal, in agree-
We discuss here the results of two inversions whose |ngred|e||?1t§nt with the results at disk center, a higher turbulent velo-

are given in Tablgl4. Except for the macro-turbulent broademeg% in the downflow. Columns (6) and (7) give the macro-
these two models correspond to models D and F used for {iif}, jent velocities (as obtained from the radial-tangential
Inversions of disk-center data.. . ) model). Note that the values of the radial macro-turbulence

Best-fit atmospheres obtained from the inversions are dis- y 5 the horizontal turbulence() cannot be directly com-
played in Figly. The remaining best-fit parameters are listgl e \yith the Gaussian macro-turbulent velocity at disk cen-
in Table[®, while Fig:B exhibits the quality of the fit returne or. At first sight the fact thafz > ¢, seems to be in con-

" T

by the 3-component model H. The results of the two mode{g yith the results obtained from numerical simulations (e.g.
agree well with each other and are also generally in good agr&gsin ¢ Nordiund 1998) which show larger horizontal veloci-

ment with those obtained at disk center. The inversions retyjfg than vertical velocities above thez - — 0 surface. The
basically the same temperature structure and a similar velocity
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Table 5. Best-fit (depth-independent) values from the inversion of disk-integrated spectra.

Model Qhor Qtdn Umic,up Vmic,dnwn (r ¢t Are
[kms™1] [kms™!] [kms™] [kms™!]

G 0.5 0.31£0.02 0.66+£0.05 0.84+0.08 4.01+£0.15 2.80+0.16 7.61+£0.02
H 0.30£0.07  0.36+0.02  0.61:£0.07 0.94£0.09 3.31+£0.16 2.34£0.38  7.5920.02
Table 6.Corrected laboratory wavelengths ofFéines ing a small number of plane-parallel atmospheric components

and mass conservation between up- and downflows is imposed.
Alab kur Aref, this work d\ Physical constraints of this type were earlier introduced by
Al Al [km s~ Frutiger & Solanki (1998) into the inversion of Stokgésspec-
4576.3400 4576.33304+0.0005 —0.459+0.033 tra (net circular polarization) from active region plage. Interest-
4620.5210 4620.5127+0.0006 —0.53640.041 ingly, inversions that take the inhomogeneous structure of the
5234.6250 5234.62514+0.0006 +0.00740.036 photosphere into account return values of the iron abundance
5264.8120 5264.8060+£0.0008  —0.339+0.047 closer to currently accepted values than those that do not.
6516.0800 6456.3842+0.0003 +0.10940.012 The present investigation is of interest for inversion-

based studies of late-type stars. The inversion approach pro-
obtained value for the tangential turbulence, however, mustYJlgeS a simple way of deriving the fundamental parame
) i i X ters (I.g, abundances, etc.) of stars, as demonstrated by
interpreted as a spatial average over the line-of-sight comgg: : : .
" oo 9 Allende Prieto et al. (1998), but it may also allow such inves-
nent of velocities parallel to the surface but pointing in different _ .. : :
o X igations to be extended in a natural manner to include the ef-
directions around the axis of the granular cell (see, e.g., . .
. : ects of granular convection on the atmosphere and thus the line
dot-dashed velocity vector in Fid. 6). As a consequence the hor- ; . I
) o . . - _profiles. The demonstration given in this paper that the tem-
izontal velocities are in reality expected to be about 1.6 times

larger than the average value. The reason for the smaller Valggrature and velocity stratifications obtained by the inversion of

of both ¢g and ¢y obtained from three components as COm_ls?omtegrated spectra are very close to those obtained from the

pared to the values obtained from the 2-component modefTLersion of data from solar disk center promises that the prop-

IS : . . . .
the different weight entering Gray’s radial-tangential formulae.r%'es. of stellgr granulat!on can be studied by inverting dat_a with
sufficiently high S/N ratio and spectral resolution. These inver-
In the 2-component model we have sék = Ar = 0.5 . . . . .
whereas the 3-component model returagg — Az — 0.3 sions are complimentary to numerical simulations such as those
(A - A 0.7) T " oflNordlund & Dravins (1990), Dravins & Nordlund (1990a;b)
R == - T - . .

The abundances of iron listed in column 8 of Table 5 a}‘gr the study of stellar convection. Finally, our results also have

slightly larger than those obtained at disk center, and differ By e bearing on th_e empirical modelm_g of unresqlved, Sm?”
. Stale solar magnetic elements and their surroundings. The im-
a greater amount from the literature value. Hence the sprea : o
. . : portance of up- and downflows in the non-magnetic vicinity
of the derived abundances is larger when integrated spectra’gre . ; .
) of Small magnetic structures is evident, but has not yet been
inverted. . .
taken into account adequately (since usually only a downflow
is considered, but see Briand & Solanki 1998).

8. Laboratory wavelengths of Far
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As mentioned in Sedtl 2 the laboratory reference wavelength@énds under NF grant No. 20-50464.97.

all Ferr lines are free parameters of all inversions using models

C and E-H. The best-fit values obtained from the inversions

using these models are summarized in Table 6: Column a$ferences
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